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1. Introduction

Silicon detectors are used for detecting ionising
radiation in high energy experiments . The detector
systems planned for future machines like the Super-
conducting Supercollider (SSC) and the Large Hadron
Collider (LHC), are larger than in any previous experi-
ment . Silicon detectors will be used to a larger extent
than before, they need to be more advanced and will
operate at higher radiation levels than in earlier exper-
iments . Thus more stringent requirements to radiation
hardness are placed upon these future detectors .

The silicon detectors we consider are reverse biased
p-n junction detectors passivated by thermally grown
silicon dioxide. The application requires them to be
operated at a high voltage to maximise the signal and
reduce the charge collection time . Neutron radiation as
expected in the SSC and LHC is known to change the
depletion voltage of silicon detectors . The large volume
of the detector systems will cause inhomogeneous radi-
ation damage levels, thus increase the variation in
depletion voltage among the detectors . The latter con-
ditions either require each detector to operate at its
own voltage or to be biased beyond depletion. Thus a
guard ring design should pay special attention to high
voltage operation.

One effect of the radiation on silicon devices comes
from the build-up of permanent oxide charges in their
Si02 layer . In radiation hardness experiments it has
been observed that the oxide charges saturate at a level
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Section A

Guard ring design for high voltage operation of silicon detectors

The termination of the depletion zone towards the non-depleted part of silicon affects the total device leakage current, the long
term stability, the noise level and the radiation hardness of silicon detectors . This paper describes computer simulations and
experiments to develop guard ring structures for use in silicon detectors requiring thick depletion layers, high operating voltages
and biasing beyond depletion without increase in the leakage current and the noise. Computer simulation of a simplified structure
is used to understand the influence from the oxide charges and the substrate doping concentration for a segmented guard structure
with several floating diffusion strips . Results from the simulations are compared with measurements on devices . The numerical
results are found to be in agreement with experimental data . It is found that segmented guard structures with floating diffusion
strips have high breakdown voltages and low leakage currents. The effects of floating metal field plates over the oxide between the
floating diffusion strips are studied on two different guard structures by measuring the potential on the diffusion strips and the
leakage currents in the guard and active diode . The results show that floating intermediate field plates reduces the influence from
oxide charges and stabilises the device against environmental influence .

of 3 x 10 12 cm -2 [1]. This level can be taken as an
indication of the radiation induced oxide charge one
should design detectors for since the oxide charge can
have unwanted effects on devices. One of these is
lowered breakdown voltages of p-n junctions when
these terminate (in the plane of the p-n junction) on
the S'/S'02 interface (see also fig . 1) . In this paper we
are mainly concerned with the effect of a guard ring to
counteract the unwanted effects of the oxide charge .
Generally a guard ring also serves other purposes as
well . The main purpose of a guard ring is to reduce the
dark current in the active area by decoupling the

With oxide charges
t

Without oxide charges

Fig. 1 . Influence of oxide charges on a one-sided p-n junction
in high resistivity silicon . A positive oxide charge gives a
narrower depletion width along the surface than without

oxide charges .



current generated outside the active area . The guard
ring can also eliminate high field regions that other-
wise could cause avalanche breakdown .

The present work was initiated by the requirements
of a fast detector for electron spectroscopy up to 1
MeV that required a detector thickness of 1 mm to
ensure total absorption of high energy electrons and
positrons . The response time of the system should be
less than 2 ns [2] . The detectors have to operate at a
voltage higher than the depletion voltage without in-
crease in the leakage current or noise . This could not
be achieved with a conventional guard ring . To fulfill
these requirements, a new guard ring structure was
developed and results from this development are pre-
sented and discussed .

The influence from charges in the oxide and on top
of the oxide on the guard ring design is considered in
section 2 together with different design concepts . The
guard ring structures used in our experiments and
simulations are described in section 3 . We are in this
paper mainly interested in the spatial distribution of
the electric potential and we present experimental and
calculated results of this in section 4 . The results are
discussed in section 5 while a summary with conclu-
sions are made in section 6 .

2 . Guard design considerations

A net positive oxide charge causes accumulation of
electrons along the silicon surface for n-type doping
and depletion of holes along the surface for p-type
doping . For a one-sided step junction in high resistivity
n-type silicon, this accumulation layer will give a nar-
rower depletion region along the surface compared to
the situation in the planar bulk area or if oxide charges
were not present. A comparison of the situation with
and without oxide charges is shown in fig . 1 . The oxide
charges, which are assumed independent of the bulk
doping density, will influence the width of the deple-
tion region more in high resistivity silicon than they
will in low resistivity silicon . With a constant potential
difference across the depletion region, reduction of the
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depletion width will increase the field in the silicon
close to the interface between silicon and silicon diox-
ide . Consequently, avalanche breakdown is more likely
to occur in the surface region of high resistivity sub-
strates than in low resistivity substrates and surface
avalanche breakdown is also considered the most com-
mon breakdown mechanism of standard silicon detec-
tors that are usually made from high resistivity silicon .

The chemical stability of the silicon dioxide surface
depends very much on the final processing conditions .
The surface of the oxide is usually hydrophilic and the
charge density and conductivity can be altered by
changes in the environmental conditions [3,4] . The
silicon dioxide surface should be considered as chemi-
cally and electrically unstable . As pointed out by Lon-
goni et al . [4] this may be one of the main reasons for
instabilities in silicon detectors having an insufficient
environmental passivation compared to a packaged in-
tegrated circuit . Although the bulk oxide charges gen-
erally are considered to be positive, additional negative
charges on the oxide surface can give a net negative
oxide charge that will invert n-type silicon . Positive
charges on the oxide surface in addition to the bulk
charges, will reduce the depletion width in the silicon
more than the bulk oxide charges alone and thereby
reduce the avalanche breakdown voltage . Large unpas-
sivated silicon dioxide surfaces around biased p-n
junctions should be avoided . Injection of high energy
electrons into the oxide from high field regions in the
silicon can also alter the net oxide charge and change
the charge state of floating electrodes .

Much work has been carried out to improve and
optimise the design and performance of power devices
where guard ring structures have been shown necessary
for high voltage operation. Three different approaches
are generally used to control the termination of the
depletion region . The simplest approach is to include
metal field plates on top of the oxide outside the
junction [5,6] to eliminate variation in the charge on
the oxide surface and reduce the influence from bulk
oxide charges . Variation in the lateral doping density
by implantation has also been used [7] . This method
requires several masking procedures and does not avoid
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Fig. 2 . Detailed drawing of the experimental guard structure . The substrate thickness is 1000 Wm . Only that part indicated was
simulated .
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the influence from variations in the net oxide charge .
The third method, which we have investigated, is to
surround the centre diode with one or several p-n
junctions that are not contacted or biased [8,9] .
We have studied a guard ring structure with several

floating p+ diffusions in high resistivity n-type silicon
both by computer simulation and by experiment . We
have named the structure shown in fig . 2 a multiguard .
Bias is applied to the n + back contact, the active area
and the inner guard are grounded . The essential mech-
anism of the guard is as follows . When the bias is
increased, the depletion region extends around the
inner contacted guard ring . At a certain bias the first
non-contacted p+ diffusion will charge up . This situa-
tion is known as punchthrough . The punchthrough
voltage depends on the bulk doping concentration, the
distance between the two p+ diffusions and on the net
oxide charge . The maximum field strength for a given
doping concentration and oxide charge is, to first order
(low dark current), controlled by the distance between
the two p+ diffusions. Further increase in the bias
voltage will give a fractional increase in the potential
on the first non-contacted p+ diffusion while the de-
pletion region extends around the two p+ diffusions .
The same procedure is repeated for the other floating
strips . This will distribute the potential outside the
centre contacted diode over a larger distance and give
a lower maximum field strength compared to the situa-
tion for a single p-n junction . The detector can there-
fore be biased at a higher voltage before avalanche
breakdown is observed . While the potential distribu-
tion along the Si/SiO, interface can easily be pre-
dicted qualitatively, simulations are needed to make
quantitative predictions as will be described later.
We have also incorporated metal field plates be-

tween the diffused p+ guard rings on processed de-
vices . In addition to this structure, we have investigated
the effect of varying geometries on two differently
processed devices. The metal field plates are in all
cases left floating and will acquire a potential that
depends on the conductivity to the closest defined
potentials .

3. Experimental details and simulation model

We have designed 1 cm X 1 cm square diodes sur-
rounded by a guard structure as shown in fig . 2. The
gaps between p+ diffusions were 50 p,m and the width
25 and 50 Wm. The guard strips with rounded corners
were covered by oxide except for small metal pads used
for probing the guard potential. All devices were pro-
cessed on high resistivity silicon with diffused p and n
regions. The wafers were approximately 1000 ~Lm thick
and bias was applied between the front side diodes and
the back side ohmic contact.
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Fig. 3. Simplified structure used in the simulations . The gaps
are 50 wm and the strips are 25 or 50 wm .

To reveal the essential features of the experimental
structure described above, we have modelled it by the
simplified structure shown in fig. 3 for the simulations .
Bias was applied laterally between the centre guard
ring diode and the n+ ohmic contact in the surface.
The simulated guard structure was 20 p,m thick to
reduce the number of grid points and focus on the
region where the oxide charges influences the potential
distribution . The potential imposed on the n + contact
is not necessarily the same as that applied on the
backside . This contact will go through the potentials
we have simulated when bias is applied on the back
contact and the potential difference between the two
contacts will be small if the leakage current is small .

We used computer simulations to predict the be-
haviour of the guard structure with different substrate
doping concentrations and under the influence from
oxide charges. We simulated the simplified structure
shown in fig . 3 with the general purpose 2D device
simulator PISCES-2B [10], that solves both the Poisson
and continuity equations for holes and electrons . The
effect of floating metal field plates is not studied by
simulation . Dirichlet boundary conditions are imposed
in the ohmic contacts where surface potential, electron
and hole concentrations are fixed. Homogeneous (re-
flecting) Neumann boundary conditions are imposed
along the outer non-contacted edges of the device . In
the absence of surface charge along such edges, the
normal electric field component becomes zero . Current
is not allowed to flow into isolating regions. The
boundary conditions on the outer oxide surface is im-
posed indirectly by specifying the boundary conditions
in the interface between silicon and oxide. Oxide
charges are assumed along this interface. Two carrier
solutions were made assuming Shockley-Read-Hall
generation and recombination, Auger recombination,
impact ionisation and concentration and field depen-
dent mobilities .

Substrate doping concentrations used in the simula-
tions were chosen to be close to experimental ones .
The concentration thus determined were 4.3 X 10 11
atoms/cm3 for wafers with a resistivity of 8 kD cm and
2.1 X 10 11 atoms/cm3 for wafers with a resistivity
greater 10 kQ cm . These doping concentrations were
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Fig. 4. Design of the guard structures used to study the
influence from floating metal field plates by measuring the
individual strip potentials . The metal field plates are not

shown for clarity. Dimensions are listed in table 1 .

calculated from the depletion voltage extracted from

C-V measurements on the experimental diodes . In

addition, one case assumed a doping concentration of

1 .5 X 10 12 atoms/cm3, equivalent to a resistivity of 3

kfl cm . All implants were considered to have a Gauss-

ian impurity profile and three different oxide charge

levels, Qf = 1 X 1010 cm-2, Qf = 8 X 1010 cm-2 , and

Qf = 3 x 10 11 cm-2 , were simulated.
Test samples with the guard ring design shown in

fig. 2 were made on n-type wafers with (111) orienta-

tion and 1 mm thickness. The resistivity of the wafers

was either 8 kfl cm or greater than 10 kil cm. A

description of the process is given in ref. [2].

Test samples were also processed on n-type, 5 kfl

cm silicon wafers of 380 vin thickness and a (100)

orientation to study the effect of floating metal field

plates. The process was identical to the one mentioned

above and the samples are marked as T16-Oct91-2.

The guard ring designs shown in figs. 4a and 4b were

used together with either wide or narrow floating metal

field plates between guard strips. The narrow field

plate width was 7.5 wm for the smallest gap distances

and 17 .5 vin for the wider gaps . Wide field plates were

designed to be 10 Vm narrower than the gap between

guard strips . However, the narrow and wide field plates

have the same width when the gaps between diffusion

strips are less than 50 wm. A compilation of the field

plate data is given in table 1.
All samples were visually inspected for defects to

exclude samples with shorts between the diffusions .

Bias was applied to the ohmic backside contact with a

Keithley 487 Voltage source while grounding the active

diode and the innermost wide guard strip. The poten-

tial distributions among the strips were measured by

connecting a Keithley 617 Electrometer between the

innermost guard ring and the floating strip to be mea-
sured. Leakage currents were measured with a Keith-
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Table 1
Dimensions for the field plates and gaps of Test structure 1

and 2. All dimensions are measured in Wm

Test structure 1

	

Test structure 2

Gap Wide Narrow Gap Wide Narrow
width field plate

	

field plate width

	

field plate

	

field plate

ley 617 Electrometer in the current mode and two

Keithley 487 Picoammeters .

4. Results

4.1. Simulations

The potential along the surface of a plain diode

similar to that shown in fig. 1 with a bulk doping

concentration of 5.6 X 1011 cm -2 are shown in fig. 5.

The potential on the n+ contact was assumed to be 100

V and it was assumed evenly distributed oxide charge

densities of 0 cm -2 , 8 X 1010 and 3 X 10 11 cm-2 in the

interface between silicon and silicon dioxide. It can be
seen that the potential and thereby the depletion width

Fig. 5 . Results from simulation of the potential distribution
along the surface for a reverse biased step junction as shown
in fig. 1 assuming three different oxide charge densities . The
doping concentration was 5.6 x 10 11 atoms/cm3 . The leftmost
curve is for an oxide charge of 3X10 11 atoms/cm3 , the
middle curve is for an oxide charge of 8x1010 atoms/cm3
while the right curve is without oxide charge . The bias was

100 V.

30 7.5 7.5 20 7.5 7.5
30 7.5 7.5 20 7.5 7.5
50 30 17 .5 30 7.5 7.5
50 30 17 .5 30 7.5 7.5
100 80 17.5 50 30 17.5
150 130 17.5 100 80 17.5
300 280 17.5 150 130 17 .5
325 305 17.5 150 130 17 .5
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Fig. 6 . Results from simulation of the potential distribution
along the surface for the guard ring structure shown in fig . 3.
The three plots show results for the same geometrical struc-
ture with different oxide charge densities and substrate dop-
ing concentrations . Measurements on real devices are plotted
(X) for comparison . The error bars are the variance for

measurements on at least three identical structures .

along the surface of diodes passivated with silicon
dioxide varies considerably with oxide charge density.
The applied bias is distributed over 500 p,m if the
oxide charge is assumed to be zero, while for the
highest oxide charge density, the applied bias is
dropped over a distance of 40 ~Lm. The maximum field
strength will also vary considerably because of the
difference in potential distribution .

The structure shown in fig . 3 was used to study the
influence from bulk doping concentration and oxide
charge density on the potential distribution in a seg-
mented guard structure. The results are shown in fig . 6
for a bias of 100 V. It is seen that for the low oxide
charge density there is an almost equal potential differ-
ence between all the adjacent p + diffusions while the
potential difference between the outermost p+ diffu-
sion and the n + contact is larger . The potential differ-
ence between adjacent strips increases with increasing
doping concentration and increasing oxide charge. Both
the position and magnitude of the maximum potential
difference between strips can be seen to depend on
substrate resistivity as well as oxide charge . The gen-
eral behaviour is that an increase in the oxide charge
moves the main potential drop towards the centre
strips while a low oxide charge gives a large potential
drop between the outer strip and the n + contact.

4.2. Electrical measurements

Measurements of the individual strip potentials on
samples with 1 mm thickness and the guard design
shown in figs . 2 are also plotted in fig . 6a and 6b .
Measurements and simulations can be compared in fig .
6a for substrates with an estimated doping concentra-
tion of 2.2 X 10 11 atoms/cm3. Fig. 6b shows potential
measurements and simulations for an estimated doping
concentration of 4.3 X 10 11 atoms/cm3. To compare
measurement and simulation one should use the data
for an oxide charge of 8 X 10 10 cm-Z . This oxide charge
density is estimated from C-V measurements on MOS
capacitors processed with an identical process. The
measurements follow the general behaviour of the sim-
ulations except for some discrepancy for the strips
close to the centre . The error bars are the standard
deviation of measurement on at least three identical
structures . There are rather large relative variations
found on identically processed structures .

The guard designs in fig . 4 were used to study the
effect of metal field plates between the floating diffu-
sion strips and the results are shown in fig . 7. Crosses
represent the measurements while the lines are drawn
to guide the eye. The potentials of individual guard
strips were measured with bias applied to the back
contact and varied in 50 V increments. The active area
and the centre guard contact were grounded. All the
measurements identified with T16-Oct91-2 and re-
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Fig. 7. Measurements of the individual guard strip potentials on the multiguard structures shown in fig. 4 with floating interstrip

metal field plates . The lines are drawn to guide the eye while the crosses ( x ) represent the measurement.
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Fig. 8. Leakage current measurements on (a) Test structure 1 with wide field plates and (b) Test structure 2 with narrow field
plates. The guard ring design is shown in fig. 4 .
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ferred to in the next paragraphs are from the same
wafer to minimise effects from variations in the oxide
charge density.

Fig. 7 shows measurement of the guard strip poten-
tials at different biases. It can be seen that more strips
float to a potential that differs significantly from the
applied bias as the voltage on the back side is in-
creased . The potential on the centre strip is only a
fraction of the applied bias and its potential increases
only weakly with increasing bias and never reaches the
full bias value. The outer guard strips have a potential
that deviates little from the applied bias voltage.

Fig. 7a shows potential measurements on Test
structure 1 with wide gaps and narrow field plates and
fig . 7b shows potential measurements on Test structure
1 with wide gaps and wide field plates. Most of the
potential difference is between the inner guard strips
where the potential increases fast with the bias voltage.
No significant difference can be seen between wide
and narrow field plates when figs . 7a and 7b are
compared . Fig. 7c shows potential measurements on
Test structure 2 with narrow gaps and wide metal field
plates . The potential distribution between adjacent
floating guard strips of Test structure 2 is almost
uniform and several guard strips have a potential that
differs from the applied bias value even at the lowest
applied bias. The potential on the centre guard strip
increases less with bias compared to that for the cases
in figs . 7a and 7b . The potentials on the centre floating
guard strip is also much lower for Test structure 2 than
for Test structure 1 . A significant difference can be
seen in the potential distribution when fig. 7b with
wide gaps and fig . 7c with narrow gaps are compared .
Wide metal field plates are applied in both cases.

The leakage currents in the guard and in the active
area of 1 cm X 1 cm diodes, are shown in fig . 8 . The
measurements were made on the same structures as
shown in figs . 7a and 7c . The 380 wm of silicon is
depleted at 90 V and the room temperature active area
leakage current is 600 pA at an applied bias of 400 V.
Test structure 1 with the wide gaps and narrow metal
field plates (fig . 8a) has no increase in current up to
400 V. The leakage current in the guard of Test
structure 2 with the narrow gaps and wide metal field
plates (fig . 8b) increases between 350 and 400 V with-
out any associated increase in the active area current.

5. Discussion

We have designed a guard structure with several
floating p-n junctions by considering the potential
distributing effect a part of its essential functions . We
have used computer simulations of a model of this
structure to study the potential distribution in the
structure for different doping concentrations and oxide
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charge densities. We have made potential measure-
ments at the guards of experimental samples to investi-
gate the correctness of the simulated model and im-
prove our understanding of real devices. The topics to
be discussed in this section are interwoven in each
other and we will first comment and discuss the gen-
eral validity of the computer simulations . Then we
discuss the effect of metal field plates in the guard
design . Metal field plates were not incorporated in
simulations . Finally we discuss the general behaviour
and tendencies we have simulated and measured . We
will also indicate how the results best can be utilised in
future design of optimised guard structures .

The key factors determining the potential and the
maximum field strength in the multiguard structures
are the lowest doping concentration, the oxide charge
density and the distance between guard strips . The p +
diffusions have constant potentials and will not influ-
ence the breakdown behaviour. We find the potential
distributions we simulate on multiguard structures to
be at least qualitatively in agreement with our intuitive
expectations . We take this as an indication that the
simulated model gives results that are qualitatively
correct and yield potential values that are close to
correct values for the idealised situations the model
structures were supposed to represent. Experimentally
observed tendencies are easier to explain if correctness
of the simulations is assumed rather than explanations
according to intuitive expectations . The latter, at least
for this discussion, tends to yield long arguments.

The above arguments make it important to find out
whether the experimentally measured potential distri-
butions are dependent upon factors we have consid-
ered in the simulations . If other factors dominated the
behaviour, we would have to include them if their
values could be predicted.

Otherwise, we should ideally eliminate them . Figs .
6a and 6b can be used as an example where the bulk
doping concentration is deliberately different . For an
oxide charge around 8 X 10 1° cm-2 we expect from
simulations that the potential on the first strips from
the centre to increase when the substrate doping is
increased (also shown in fig . 6) . The size of the stan-
dard deviations seen in the measurements indicates
that in order to test any tendencies critically they have
to yield relatively large theoretical effects . However,
the expected differences are smaller than the standard
deviations shown for the measurements . Thus the mea-
sured variation of potential with doping concentration
agrees with the simulations .

If we consider the general shape of the measured
potential distributions in figs . 6a and 6b we notice that
they resemble the simulated ones when an oxide charge
around 8 X 101° CM-2 is assumed. There is perhaps a
tendency for the first strip from the centre to have a
mean measured potential that is higher than simulated.



Considering the limited statistics and the size of the
typical standard deviation for the measurements it is
not clear that there is a systematic deviation . It is
clearly a too weak tendency to justify a re-evaluation of
the simulations . Still we think further work should be
done to evaluate how the simulated potentials depend
upon input parameters such as bulk generation rates
and depth of the p + strips, which are factors we
believe could influence the potential on the guard
strips in the presence of oxide charges. It will also be
important to simulate the full guard structure if the
bulk generation rate is critical for the potential distri-
bution .

We will now describe the physical effect of the
floating metal plates in the guard designs. Metal on top
of the oxide will eliminate variations in the charge on
the oxide due to environmental changes. Additionally,
the high electron concentration of the outer metal
surface will reduce the influence from changes in the
environmental conditions (including charges external
to the metal) on the charge concentrations in the
silicon surface. Without metal field plates on top of the
oxide most of the oxide charge is mirror imaged in the
underlying silicon . Floating metal field plates will re-
duce the effect from oxide charges by providing image
charges in the metal. This effect will depend both on
the location of the charges in the oxide and on the
oxide thickness. From the above argument, we predict
that the presence of the metal field plate will act
similarly to reducing the oxide charge for n-type mate-
rial with an oxide charge that is normally positive . This
justifies comparisons between experiments having field
plates and simulations having no field plates, as long as
the obvious cautions are kept in mind .

From the above we expect that increasing the width
of the field plates in our guard structures will act
similarly to reducing the oxide charge . Thus the deple-
tion width along the surface will increase . In principle,
one could observe this effect in structures with differ-
ent floating metal field plate widths . Figs. 7a and 7b
show Test structure I for narrow and wide field plates
respectively . The effects, if any, of the metal plate
widths are not observable here . First, as mentioned in
section 3 and shown in table 1, it should be noticed
that the widths are different only from the third plate
and outwards, thus not for the innermost ones . From
the simulations we expect the innermost strips to have
the strongest dependence of potential variations on
oxide charge . We also notice that the irregular poten-
tial distribution seen in fig . 7b may conceal the effects
from an increase in field plate width. Clearly, arbitrary
variations are still larger than the effects of metal field
plates on the oxide charge, if any. These arbitrary
variations include effects such as variation in oxide
charge, localised surface and bulk defects and charges
from the environment on uncovered oxide regions. A
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metal plate still should have the beneficial protecting
effect as described and we believe this to be a good
reason to keep them in the design . The presence of the
metal plate can also be active in distributing the poten-
tial as considered in the following .

Inclusion of metal field plates changes the guard
structure and the potential distribution between p +
diffusions depending on the MOS threshold voltage,
the field plate potential and the silicon surface poten-
tial distribution . The potential on the floating field
plates will depend on the conductivity of the oxide
surface and on the bulk resistivity of additional passiva-
tion coatings . The conductivity on the oxide depends
strongly on the environmental humidity [3] and the
sheet resistance can be about 10 18 fl/square at 40%
relative humidity . The surface sheet resistance will
influence the time constant for charging of the metal
field plate. Operation of a multiguard can be improved
by controlling the potential on the metal field plates
either by connecting them directly to defined poten-
tials by a resistor network or by connection to the
floating p-n junction .

By decreasing the distances between the guard
strips, the potential difference between strips will de-
crease, more of the surface will be depleted at a given
bias voltage and the potential drop will be distributed
across a larger distance along the surface. This can be
seen by comparing fig. 7b (wide gaps) with fig. 7c
(narrow gaps). Wide field plates are used in both cases
and it can be seen from fig . 7c that the potential
difference between guard rings can be limited and well
controlled by applying small gaps and wide field plates .

The difference in potential distribution will influ-
ence the leakage current at high bias as can be under-
stood by considering the individual strip potentials and
potential distributions in figs . 7a and 7c . It can be seen
that the edge strip of Test structure 2 start to deviate
from the applied bias voltage implying that the deple-
tion region extends beyond this strip. This is accompa-
nied by and increase in the leakage current above 350
V in fig . 8b . We speculate that the increase in guard
current may be caused by an increased generation rate
as the depletion region extends towards the edge .
Another explanation, also yielding increased current,
assumes localised high field regions in the device that
causes avalanche breakdown. If that had been the case
we would expect the current to increase dramatically
with bias . However, we observe that a 50 V increase in
bias voltage only causes the guard current to double .
So we think it is more likely that the depletion region
extends to the edge where crystal damage causes the
leakage current to increase .

The results of the simulations shown in fig . 6 indi-
cate that the potential difference between strips will be
almost equal at a very low oxide charge density and the
depletion region will reach the edge of the detector .
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This guard design should give a high breakdown volt-
age with an increase in the leakage current as the
depletion region extends out to the edge . Using a
wider guard region and include more guard strips
should solve the problem of the depletion region ex-
tending to the edge . The distance between the centre
guard strips should be reduced to avoid large potential
differences and an increased probability for avalanche
breakdown.

For operation in a radiation environment the total
dose and oxide charge should be considered during
design of the guard structure and sufficient space al-
lowed for an optimum guard structure. The minimum
guard width will be the depletion width at the operat-
ing voltage plus the width of all p-n junctions beyond
the centre biased one. The net positive oxide charge
can reduce this width by imposing a higher electron
concentration along the surface. However, operation in
a radiation environment will change the oxide charge
with time thus change the optimum guard design . In-
creasing the doping concentration by implantation of
phosphorous can be used to reduce the total guard
width in a controlled manner . The use of floating metal
field plates will reduce the effect of the oxide charge
and increase the minimum guard width towards the
depletion width at the operating voltage. Metal field
plates connected to the floating p+ diffusions will
increase or decrease the potential difference between
strips depending on if they extend towards the higher
or lower potential side of the strip they are connected
to . This work will also be important for the under-
standing, design and operation of silicon drift chamber
devices [111 and silicon microstrip detectors [12] .

6. Summary and conclusions

We have simulated the potential distribution and
tested the performance of a segmented guard structure
with floating p + diffusion strips . The effect of floating
metal field plates between the floating p + junctions
has been investigated experimentally. It is shown that
such structures can be used to control (to some degree)
the termination of the depletion region along the sur-
face by extending the depletion region . The effect of
floating field plates between the guard strips is to
reduce the influence from oxide charges and in addi-
tion reduce the environmental influence on the silicon
dioxide surface charge . Segmented guard ring struc-

L . Evensen et al. / Guard ring design for HVoperation of Si detectors

tures with floating metal field plates can give a low
leakage current in the guard region at very high bias
voltages .

To design an optimum multiguard structure the
bulk doping concentration, the oxide charges and the
operating voltage must be considered when deciding
the interstrip gaps, the field plate widths, the number
of guard rings and the total guard ring width. Simula-
tions similar to those presented here will be valuable in
the design of optimised structures .
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